The dissociation energy curves of low-lying spin-mixed states for Group 5 hydrides (VH, NbH, and TaH), as well as Group 3 hydrides (ScH, YH, and LaH), have been calculated by using both effective core potential (ECP) and all-electron (AE) approaches. The two approaches are based on the multiconfiguration selfconsistent field (MCSCF) method, followed by second-order configuration interaction (SOCI) calculations: the first method employs an ECP basis set proposed by Stevens and co-workers (SBKJC) augmented by a set of polarization functions, and spin−orbit coupling effects are estimated with a one-electron approximation, using effective nuclear charges. The second method employs a double-ζ basis set developed by Huzinaga (MIDI) and three sets of p functions are added to both transition element and hydrogen and one set of f functions is also added to the transition element. The relativistic elimination of small components (RESC) scheme and full Breit−Pauli Hamiltonian are employed in the AE approaches to incorporate relativistic effects. The present paper reports a comprehensive set of theoretical results including the dissociation energies, equilibrium distances, electronic transition energies, harmonic frequencies, anharmonicities, and rotational constants for several low-lying spin-mixed states in the hydrides, filling a considerable gap in available data for these molecules. Transition moments are also computed among the spin-mixed states, and qualitative agreement is obtained for Group 3 hydrides in comparison with the experimental results reported by Ram and Bernath. Peak positions of emission spectra in Group 5 hydrides are also predicted.
Introduction
High levels of theoretical calculations have become possible due to the rapid development of new algorithms and computational power. The estimation of relativistic effects is one of the targets in such high-level theoretical calculations, and various practical approximations have been proposed recently that are suitable for molecular calculations. 1 Several recent excellent reviews discuss these approximations [2] [3] [4] [5] [6] [7] in detail. In addition, useful quantum chemistry program codes are available to the public, so that it becomes easy to estimate relativistic effects in molecules of moderate size.
Recent theoretical investigations have frequently been performed on the electronic structure of chemical compounds including heavy metal elements and on their chemical reactivity.
It is important to understand the role of d electrons in chemical bond formation and cleavage, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and relativistic effects often play dominant roles in such processes. To enable an entry level of theory, we have proposed effective nuclear charges for the first-through sixth-row main-group elements, as well as those for the first-through third-row transition elements, to estimate spin-orbit splittings within the one-electron (Z eff ) approximation. [22] [23] [24] [25] [26] [27] [28] Although higher levels of relativistic theories are nowadays available for the estimation of spin-orbit coupling effects, it is time-consuming to apply such high levels of theory to large molecular systems. Therefore, the Z eff approximation is still useful for estimating spin-orbit coupling effects in large molecular systems. Of course, it is sensible to investigate the reliability of the Z eff approximation in comparison with results obtained at higher levels of theory, as well as with experimental observations. The previous study (Part I of this series) reported on Group 4 hydrides, TiH, ZrH, and HfH, 28 in which multiconfiguration self-consistent field (MCSCF) methods were employed and followed by second-order configuration interaction (SOCI) calculations, using limited external spaces. We concluded that the one-electron approximation 22, 26, 27 performed very well for TiH and ZrH, but the agreement between the effective core potential (ECP) and all-electron (AE) results is somewhat worse for HfH.
The present paper is the second in the series; the reliability of the ECP and AE methods is examined by using applications to Group 5 hydrides (VH, NbH, and TaH), together with Group 3 hydrides (ScH, YH, and LaH). All calculations have been performed with the GAMESS suite of program codes. 29, 30 
Methods of Calculation
Both effective core potential (ECP) and all-electron (AE) calculations were carried out with multiconfiguration selfconsistent field (MCSCF) wave functions 31, 32 followed by second-order configuration interaction (SOCI) calculations. 33 The MCSCF active space included the orbitals corresponding to the nd and (n + 1)sp orbitals of the transition element and the 1s orbital of hydrogen, where "n" is the principal quantum number (n ) 3, 4, and 5), for nearly all compounds. An exception is NbH (n ) 4), for which it was found that only a 4d5d5s6s(Nb)+1s(H) active space correctly predicts atomic spectra. The orbitals were optimized by using the state-averaged MCSCF method with equal weights for the lowest four states ( 5 Σ -, 5 Π, 5 ∆, and 5 Φ) of VH, the lowest three states ( 5 Σ + , 5 Π, and 5 ∆) of NbH, or three states ( 1 Σ + , 1 Π, and 1 ∆) for Group 3 hydrides. These states correlate with the ground state of the transition element in the dissociation limit. 34 Since it was found that the ground state of TaH is a triplet based on the orbital optimization for either triplets or quintets, all results presented below were obtained with the MCSCF orbitals optimized for the lowest four triplet states ( 3 Σ -, 3 Π, 3 ∆, and 3 Φ) with equal weights.
The MCSCF optimized orbitals were employed in SOCI calculations to construct singlet, triplet, quintet, and septet wave functions and to estimate spin-orbit couplings among these wave functions. Although all external orbitals were used in the SOCI calculations of Group 3 hydrides, the external space in the SOCI calculations of Group 5 hydrides included only the 13 orbitals that correlate with the (n + 1)d, (n + 2)s, and (n + 2)p orbitals for the transition element and with 2s and 2p orbitals for hydrogen in the dissociation limit, where these external orbitals are the lowest eigenvectors of the standard MCSCF Fock operator. This is necessitated by resource limitations. The spinorbit coupling matrices include low-lying SOCI states. To construct spin-orbit coupling matrices of reasonable size, an energy tolerance was set for the excitation energy. All states within the energy range restricted by the tolerance were included, so that the number of states varied slightly for each method. 35 The estimated errors caused by the energy tolerance are about 3 (VH), 40 (NbH), and 450 (TaH) cm -1 , and less than 1 (ScH), 5 (YH), and 24 (LaH) cm -1 in Group 3 hydrides, respectively, on the basis of second-order perturbation theory using the largest matrix elements. For each molecule, the ground state within the LS coupling scheme and the lowest spin-mixed states are given in the tables discussed below, in which Ω is the z component of the total angular momentum quantum number.
The ECP calculations employed the SBKJC basis set, 36-39 augmented by a set of f functions 40 for the transition element. The 31G basis set augmented by a set of p functions was employed for hydrogen. 41 With use of SOCI wave functions, the spin-orbit splittings of low-lying states were estimated within the one-electron (Z eff ) approximation. 42 This method is referred to simply as ECP in the following discussion.
The AE calculations employed the MIDI basis set 43 augmented by three sets of (n + 1)p functions in both the transition element and hydrogen 44 and also by one set of f functions on the transition element. The RESC scheme 45, 46 was used throughout all AE calculations, since a previous study 28 showed that scalar relativistic corrections are necessary in AE calculations. The internal uncontraction option in RESC was used only for TaH, as preliminary tests indicated it is not important in other cases. Spin-orbit coupling matrices were constructed by using the SOCI wave functions and Breit-Pauli Hamiltonian including both one-and two-electron terms. Relativistic corrections to the Breit-Pauli Hamiltonian were taken into account for both oneand two-electron operators except for TaH, where only the oneelectron operator was modified since it is very time-consuming to introduce the internal uncontraction effects of the two-electron SOC integrals. The method is referred to simply as AE in the following discussion.
The dissociation energies (D e ) and equilibrium distances (R e ) were obtained by fitting to a parabolic function near the minima of each state. The electronic transition energies (T e ) were calculated as energy differences between potential minima. The harmonic frequencies (ω e ), anharmonicities (ω e x e ), and rotational constants (B e and R e ) for the lowest vibrational states of electronic states were obtained on the basis of the numerical analyses of dissociation energy curves. 47 The energy of a rovibrational state for vibrational and rotational quantum numbers of "V" and "J" in each electronic state is given as where E e is an electronic energy and vibrational and rotational energies are approximated by G(V) ) ω e (V + 1 / 2 ) -ω e x e (V + 1 / 2 ) 2 and F v (J) ) {B e -R e (V + 1 / 2 )}J(J + 1) in the present study, respectively.
Results and Discussion

Potential Energy Curves for VH.
Both ECP and AE methods predict that the VH ground state is 5 ∆ within the adiabatic scheme. The ECP potential energy curves of the lowest 5 Σ -, 5 ∆, 5 Π, and 5 Φ states are plotted in Figure 1a , where, in the dissociation limit, these states all correlate with the ground state [V( 4 F) + H( 2 S)]; the ground state of V has the electronic configuration (3d) 3 (4s) 2 . The AE curves are quite similar to the ECP ones, although the low-lying triplet states, correlating with the ground state in the dissociation limit, are closer in energy to the quintet states than are the ECP curves (see Figure  1S (Supporting Information)). Table 1 lists spectroscopic parameters in the quintet states obtained with both ECP and AE methods within the adiabatic scheme.
The adiabatic 5 ∆ ground state is split into six spin-mixed states (Ω ) 0 + , 0 -, 1, 2, 3, and 4) by spin-orbit coupling effects. As shown in Table 1 , since the coupling is rather weak, the energy separation is small among the spin-mixed states and, as a result, the internuclear distances R e do not change noticeably when spin-orbit coupling is considered. The ground spin-mixed state is Ω ) 0 + , which is quasidegenerate with Ω ) 0 -. The relative energies of the energy minima for the lowest Ω ) 0 + , 0 -, 1, 2, 3, and 4 states are 0, 0, 73, 149, 230, and 316 cm -1 . Since the spin-orbit splittings at the dissociation limit are 
E(V,J)
somewhat larger than those at the equilibrium distance, D e becomes slightly smaller when spin-orbit coupling is added (14923f14766 cm -1 for the Ω ) 0 + state) ( Table 1 ). The Ω ) 0 + , 0 -, 1, and 2 states correlate with the lowest (ground) spin-mixed state (V( 4 F 3/2 ) + H( 2 S 1/2 )) in the dissociation limit, while the lowest Ω ) 3 and 4 states correlate with the second and third spin-mixed states ( 4 F 5/2 and 4 F 7/2 ) of V. 48 Thus, the spin-orbit coupling effects in this molecule are mainly limited to a 157-cm -1 correction to the dissociation energy.
There are several theoretical and experimental reports on VH: the D e is in the range of 13 000-23 000 cm -1 . The latest experimental investigations 49 51 The AE D e values are somewhat closer to experiment and larger than the ECP values, while the R e values are not very different.
Potential Energy Curves for NbH.
If an active space represented by 4d5s5p(Nb)+1s(H) orbitals is used, then the dissociation limit is found to be 4 F(Nb)[(4d) 3 6 D state being higher in energy than the 4 F state by 577 (ECP) and 1398 (AE) cm -1 . The orbital analyses in the present calculations suggest that the active 4dπ orbitals strongly interact with the virtual dπ orbitals rather than the active 5pπ orbitals. Therefore, we used an active space represented by the 4d5s5d6s-(Nb)+1s(H), and the MCSCF orbitals were optimized for the lowest 5 Σ + , 5 Π, and 5 ∆ states, since these three states correlate with the Nb 6 D state in the dissociation limit. The external space for the SOCI calculations includes the orbitals corresponding to 5p6p(Nb)+2s2p(H) orbitals. This method is referred to as the "dsds" space in the following discussion. In the ECP calculations, the dsds active space provides the correct energetic order of the 6 D and 4 F states in Nb atom, though the energy gap between these states is smaller than the experimental observation (the energy gap is calculated to be only 108 cm -1 ).
In the AE method, though the energy gap between these states is reduced to 1126 cm -1 with the dsds actiVe space, and the 4 F state is still lower in energy than the 6 D state.
The ground state of NbH is 5 ∆ within the adiabatic scheme in both ECP and AE calculations. Figure 2 illustrates the potential energy curves obtained with the dsds active space followed by SOCI calculations. 57 Since the lowest 6 D and 4 F states of Nb are very close in energy, the spin-orbit interaction makes their spin states mix strongly with each other. At the dissociation limit the states corresponding to Nb atomic states are computed to be in the following order: 6 6 D 9/2 (868), and 4 F 9/2 (1186). The spin-orbit splittings in each group of the 6 D or 4 F spin-mixed states are in good agreement with a previous report 26 and the experimental results. 56 The experimental separation of the energetic centers of the groups of states arising from spin-orbit splitting of the 6 D or 4 F terms is large enough to provide no overlap between the groups at the dissociation limit; however, some overlap is seen in our calculations for a wide range of internuclear distance, possibly causing the somewhat peculiar shape of the energy curves.
The potential energy curves of several low-lying spin-mixed states are plotted at the bottom of Figure 2 . The AE results are very similar to these curves ( Figure 2S ). The ground (spinmixed) state has Ω ) 0 + , and the lowest Ω ) 0 -is nearly degenerate with this state. Although the lowest 5 Π state is close in energy to the lowest 5 ∆ within the adiabatic scheme, a rather weak spin-orbit interaction is observed between these states (see Table 4 ). As a result, the lowest Ω ) 0 + , 0 -, 1, 2, 3, and 4 states have more than 90% contributions from 5 ∆, and their R e are approximately equal to those of the 5 ∆ state (1.808 Å in Table 2 ). As mentioned for VH, the spin-orbit splittings in the dissociation limit are slightly smaller than those near the energy minimum of the ground state, so that the D e is slightly decreased (19944f19811 cm -1 ) for Ω ) 0 + by the spin-orbit coupling effects.
With the exception of the nearly degenerate state order in the dissociation limit, the energy curves with and without spinorbit coupling in Figure 2 obtained with the dsds active space are very similar to those obtained with use of the 4d5s5p-(Nb)+1s(H) active space. The D e , R e , and ω e in the ground spinmixed state are larger than those obtained by using the 4d5s5p(Nb)+1s(H) active space by 900 cm -1 , +0.015 Å, and 20 cm -1 , respectively. The D e values found in the literature are in the range of 20 900-21 600 cm -1 (see Table 2 ), in good agreement with our results, and our R e value is 0.03-0.04 Å longer. However, there are no experimental values reported, to the best of our knowledge. Similar to VH, the AE values of D e are somewhat larger than the ECP ones and the R e are not very different.
3.3. Potential Energy Curves for TaH. As mentioned earlier, the ground state of TaH is consistently found to be a triplet, using both triplet and quintet state-averaged orbitals and for either ECP or AE basis sets. Therefore, all results below are based on MCSCF calculations state-averaging the lowest 3 Σ -, 3 ∆, 3 Π, and 3 Φ states. The potential energy curves obtained at the SOCI level of theory are plotted in Figure 3 (and Figure  3S ). As depicted in these figures, the lowest 3 Φ state is lower than the quintet states near the R e within the adiabatic scheme.
In the ECP calculations, the lowest spin-mixed state is found to have Ω ) 2 after the inclusion of the spin-orbit coupling effect, using the MCSCF orbitals optimized for the triplet states. This state has more than 90% contribution from the 3 Φ state. The second lowest spin-mixed state has Ω ) 0 + character and consists of 43% 3 Σ -and 43% 3 Π (see Table 4 ). The contribution of the 5 ∆ state is only 4% to this state. Strong spin-orbit coupling between the 3 Σ -and 3 Π states leads to an energy gap of only 314 cm -1 between the Ω ) 0 + and 2 states at the energy minimum of the Ω ) 2 state, but the Ω ) 2 is still the lowest. The third state Ω ) 1 has 39% 3 Σ -and 47% 3 Π contributions. The lowest Ω ) 0 -is the fourth state and has a large contribution from the 5 ∆ state, but its principal contribution is provided by 3 Π (56%). The Ω ) 0 + state generated by Λ-doubling of the Ω ) 0 in the 5 ∆ is the sixth, where the reverse energetic order of the Ω ) 0 + and 0 -states is derived by strong spin-orbit couplings among states packed closely in energy.
The AE results ( Figure 3S ) are similar to those of the ECP calculations, although the energy difference between the ground spin-mixed state (Ω ) 2) and the second state (Ω ) 0 + ) for the former method is somewhat larger (581 cm -1 at the energy minimum of the Ω ) 2 state). Thus, we conclude that the Ω ) 2 state is the ground state in TaH at the level of theory employed here.
The ground spin-mixed state Ω ) 2 has R e ) 1.762 Å and D e ) 17 002 cm -1 . Spin-orbit coupling effects make R e longer by 0.006 Å and the D e smaller by 1240 cm -1 (see Table 3 ). The second spin-mixed state Ω ) 0 + has a somewhat longer R e (1.770 Å) and a smaller D e (16 705 cm -1 ). The AE calculations have a larger D e by 4300-4600 cm -1 and shorter R e by about 0.04-0.05 Å for these two states compared with the ECP results. Although the ECP basis sets employed in the present study are not flexible enough to provide quantitative predictions, the present AE method given the basis set and the wave function type tends to overestimate D e .
To our knowledge, there are no experimental reports on TaH. Cheng and Balasubramanian 62 have reported that the lowest 3 Φ state is 2526 cm -1 lower in energy than the lowest 5 ∆ at the RECP level of theory. Including spin-orbit coupling, they predicted a ground state of Ω ) 0 + originating from the 5 ∆ state, while the lowest Ω ) 2 state, originating from the 3 Φ state, is only 326 cm -1 higher in energy than the Ω ) 0 + state. Wittborn et al. reported that the ground state of TaH is 3 Φ using the AE/PCI80 and AIMP/PCI80 methods, 63 but no comment is made on the spin-mixed state structure. not performed for LaH in the present investigation, since the spin-orbit calculations are not likely to provide meaningful results.
Potential Energy Curves in
The ground state is calculated to be 1 Σ + in all three hydrides within the ECP adiabatic scheme. After the inclusion of the spin-orbit coupling effects (Figure 4) , the ground state has Ω ) 0 + originating principally from the 1 Σ + state; the contributions are computed to be 99.98% (ScH), 99.97% (YH), and 99.48% (LaH), respectively. Therefore, no important spin-orbit effect is observed in the ground state. 78 Our R e values are slightly longer than the MCPF and AIMP results, and 0.01-0.03 Å longer than the experimental observations (see Table 5 ).
3.5. Periodic Trends. Figure 5 plots R e and D e for the Groups 3 and 5 hydrides, using the ECP method against the periodic row, together with those for the Group 4 hydrides reported previously. 28 Among the many general factors affecting the periodic trends in the transition metal hydrides one can identify the following:
(a) An increase in the screening of the atomic charge by the inner shell electrons is observed as their number increases. This in general leads to weaker bonding, as found for the main group elements as well.
(b) Relativistic contraction of s and expansion of d orbitals is observed. 71 This leads to stronger bonding involving s electrons and weaker bonding for d electrons.
(c) Additional screening due to the filled f-subshell that appears in Hf and Ta is seen, but f-subshells are empty and fairly inactive for other elements considered here.
(d) Spin-orbit coupling of the ground atomic states is very different and it grows both vertically and horizontally. For example, the splitting 56 in La is 1053 cm -1 , in Hf 4568 cm -1 , and in Ta 5621 cm -1 , which in part comes from increased multiplicity (2, 3, and 4 for La, Hf, and Ta, respectively). The total spin-orbit effect on D e (that is, the value with and without the interaction) is fairly small for all compounds. However, this is misleading, especially for HfH and TaH, as the SOC interaction splits atomic and mixes molecular levels in a complicated way. Indeed, one can see that the Ω levels of 3 Φ in TaH span 4848 (ECP) or 4121 (AE) cm -1 (Table 3) .
(e) The complicated structure of the states arises from the partially filled d orbitals and results in near degeneracies in energy levels that are not simply related to the group or position in the row. This is explicitly seen, for example, in the different atomic ground states within the same group (Nb has a 6 D ground state, whereas the ground states of V and Ta are 4 
F).
While it can be generally expected that an increase in the equilibrium distances corresponds to a decrease in the dissociation energy as can be seen by comparing YH and LaH, it is somewhat surprising to observe that both D e and R e decrease when going from HfH to TaH. Spin-orbit coupling interactions that differ at the equilibrium vs the dissociation limit may be the reason. 72, 73 and LaH 74 in more detail. In this section, ECP results for transitions among the spin-mixed states in Group 3 hydrides will be discussed in comparison with the experimental observations. Ram and Bernath 65 observed 0-0 band origins at 5 404, 13 574, and 20 547 cm -1 for ScH and assigned them as the B 1 Π-X 1 Σ + , C 1 Σ + -X 1 Σ + , and G 1 Π-X 1 Σ + emissions, respectively. As suggested by Anglada et al., 64 a small moment (µ TM ) 0.42 au) is obtained for the transition between the ground state and the B 1 Π state, although a rather strong emission is observed for the transition between these states by Ram and Bernath. 65 According to our results, large moments are obtained for the transitions between the ground state (X 1 Σ + ) and C 1 Σ + / D 1 Π states in ScH. Within an adiabatic scheme, the 0-0 band origin of the B 1 Π-X 1 Σ + transition is computed to be 6028 cm -1 . If spin-orbit coupling is considered, this transition corresponds to that between the lowest Ω ) 0 + and the fourth Ω ) 1 states; it is calculated to have a 0-0 origin of 5829 cm -1 (6525 cm -1 for the vertical excitation; see Table 6 ). This estimate is about 9% larger than the experimental result (5404 cm -1 ). Furthermore, the 1-1, 1-0, and 2-1 origins are calculated to be 5829, 7073, and 8273 cm -1 , respectively. The corresponding experimental values are 5220, 6767, and 6536 cm -1 , so the errors are less than 10%. The C 1 Σ + -X 1 Σ + transition corresponds to the transition from the fifth Ω ) 0 + state to the lowest Ω ) 0 + state if spin-orbit coupling is included, and our calculation overestimates its 0-0 and 1-1 origins (15 149 and 16 713 cm -1 ) by about 12%. Such overestimation may be caused by the fact that the electron correlation effects are underestimated for the higher state at the level of theory used here.
The transition energy from the G 1 Π state to the ground state was also reported by Ram and Bernath. Our study assigns a large moment (µ TM ) 0.96 au) to the corresponding 1 Π-X 1 Σ + transition and good estimation of the transition energy (about 12% overestimation). However, the lowest 1 Φ state is found to be lower in energy than this 1 Π state, i.e., the present study assigns these states as G 1 Φ and H 1 Π. Our calculations also suggest that the D 1 Π-X 1 Σ + transition has a rather large moment (µ TM ) 2.88 au) and has a 0-0 transition energy of 17 302 cm -1 (17 484 cm -1 vertical). Unfortunately, this transition is not referred to in the experimental paper. 65 In YH, the experimental energy difference between the ground state (X 1 Σ + ) and the lowest triplet state (a 3 ∆) has been reported as 6900 cm -1 by Ram and Bernath, 68 but smaller differences were obtained by Jakubek et al. 72 as shown in Table  6 . Our calculations provide 0-0 transition energies of 7461, 7672, and 7944 cm -1 from the ground state (Ω ) 0 + ) to the Ω ) 1, 2, and 3 states, respectively, whose main configuration is the a 3 ∆ state. Accordingly, our calculations overestimate them by about 20%, even though good agreement is obtained for the transitions from the C 1 Σ + (Ω ) 0 + , µ TM ) 1.50 au). The transition energy to the D 1 Π (Ω ) 1, µ TM ) 4.08 au) state is about 20% larger than the experimental value. Moreover, the emission spectra to the lowest triplet state (a 3 ∆) were reported by Ram and Bernath 68 and Jakubek et al. 72 The band origins were experimentally found at the transition energies of 11 378, 11 499, and 11 584 cm -1 and were assigned as 3 Φ 2 -3 ∆ 1 , 3 Φ 3 -3 ∆ 2 , and 3 Φ 4 -3 ∆ 3 subbands of the e 3 Φ-a 3 ∆ transition. Our estimates of the origins of these transitions are 11 989, 12 059, and 12 078 cm -1 (µ TM ) 5.32 au), respectively. These origins are overestimated by less than 5%, so that our results are nearly quantitative. We also find that the emission of the f 3 ∆-a 3 ∆ transition (12 900-13 000 cm -1 ) is energetically close to the e 3 Φ-a 3 ∆ transition and that its transition moment is also large (µ TM ) 2.62 au). However, Jakubek et al. 72 assigned this as the f 3 Π-a 3 ∆ transition.
For LaH, we find strong emission in the transition-energy range of 15 000-20 000 cm -1 . Even though the emissions can be assigned as a transition from 1 Σ + or 1 Π to the ground state (X 1 Σ + ), it is difficult to determine which peaks correspond to the transitions from some specific states in the adiabatic scheme because of strong spin-orbit mixing. The lowest excited singlet state is 1 Π in this molecule, although it is 1 ∆ in ScH and YH. Ram and Bernath 69 reported that the 0-0 and 1-1 emissions from A 1 Π to the ground state appear at a transition energy of . 6202 cm -1 (40% overestimation) and the transition moment is calculated to be 1.08 au for both transitions, while the emission energy from C 1 Σ + (Ω ) 0 + , µ TM ) 1.27 au) is in better agreement with that reported by Bernard et al. 74 (see Table 6 ). Their transition moments are smaller than that for the other strong emissions assigned as transitions from higher 1 Π states to the ground state. Emissions to the lowest triplet state (a 3 ∆) also appear at energies of 7365 ( 3 Φ 2 -3 ∆ 1 ), 7582 ( 3 Φ 3 -3 ∆ 2 ), and 7637 ( 3 Φ 4 -3 ∆ 3 ) cm -1 (µ TM ) 3.48 au). These are assigned as the transitions from d 3 Φ, which is consistent with the corresponding observations (5956, 6238, and 6307 cm -1 for 3 Φ 2 -3 ∆ 1 , 3 Φ 3 -3 ∆ 2 , and 3 Φ 4 -3 ∆ 3 ), though the transition energy is overestimated by about 21-24%. Additionally, the e 3 Σ --a 3 ∆ transition is predicted to be observed in the same energetic range as the d 3 Φ-a 3 ∆.
Thus, it can be concluded that the present estimation is qualitatively reasonable, even though transition energies are overestimated by about 10% in the first-and second-row hydrides and 20-25% in the third-row hydride (see Table 6 ). In the following discussion, an attempt is made to predict some peak positions of strong emission spectra in Group 5 hydrides, since no experimental report on emission spectra is yet available for these hydrides.
As shown in Table 7 , the largest moment (µ TM ) 1.48 au) in VH is obtained at a transition energy of 15 599-15 620 cm -1 (15 006-15 604 cm -1 for the 0-0 transition). This is assigned to an F 5 ∆-X 5 ∆ transition in the adiabatic scheme. In the relativistic scheme, this transition has contributions from the
, and F 5 ∆ 4 -X 5 ∆ 4 transitions. The lowest excited quintet state is A 5 Π, but the moment for the A 5 Π-X 5 ∆ transition is negligibly small. The B 5 Σ --X 5 ∆ transition is symmetry forbidden, while the C 5 Φ-X 5 ∆ transition has a large moment (µ TM ) 0.64 au), and its 0-0 origin is calculated to be 4717 (C 5 Φ 1 -
, and 4872 (C 5 Φ 5 -X 5 ∆ 4 ) cm -1 , respectively. The D 5 Π-X 5 ∆ transition also could be observed at a transition energy of 12 800-13 000 cm -1 , where the present prediction of the transition energy should be considered to have an error of about 10%.
It would be difficult to observe an emission spectrum for NbH, since only small moments are obtained for the transitions in the energetic range below 15 000 cm -1 . Strong emission is predicted to appear in the energetic range of 20 000-25 000 cm -1 , from the overlap of several 5 Π-X 5 ∆, 5 ∆-X 5 ∆, and 5 Φ-X 5 ∆ transitions. The lowest triplet state is 3 Φ, and the 0-0 gap between X 5 ∆ and a 3 Φ is calculated to be 4742 (X 5 ∆ 0 +-a 3 Φ 2 ), 5461 (X 5 ∆ 0 +-a 3 Φ 3 ), and 6111 (X 5 ∆ 0 +-a 3 Φ 4 ) cm -1 . Emission spectra may be observed from g 3 Γ to this lowest triplet state. The transition moment is calculated to be 0.48 au and the 0-0 transition energies are predicted to be 7103 (g 3 Γ 3 -a 3 Φ 2 ), 6711 (g 3 Γ 4 -a 3 Φ 3 ), and 6474 (g 3 Γ 5 -a 3 Φ 4 ) cm -1 , where the excitation energies may be overestimated by more than 10%.
Because of strong spin-orbit coupling in TaH, it is difficult to determine which spin-mixed states should belong to a particular adiabatic state. Additionally, as described in the previous section, the ground state (Ω ) 2, X 3 Φ 2 ) and the next lowest state (Ω ) 0 + , mixture of A 3 Σ 0 + and B 3 Π 0 +) are very close to each other in energy. Such conditions cause rather complicated spectra in TaH. Large moments are obtained for the transitions from the D 3 ∆ 1 and F 3 ∆ 1 states to the groundstate X 3 Φ 2 ( Table 7) . Their 0-0 transition energies are calculated to be 11 744 (D 3 ∆ 1 -X 3 Φ 2 ) and 12 914 (F 3 ∆ 1 -X 3 Φ 2 ) cm -1 , respectively. The D 3 ∆ 1 state mixes strongly with 3 Π 1 and 5 Φ 1 , while F 3 ∆ 1 interacts mildly with 1 Π 1 , 3 Π 1 , and 5 Π 1 . On the other hand, larger moments are obtained for transitions to the next lowest state (Ω ) 0 + ) from C 3 Σ 0 + and from the combination of G 3 Π 0 + and e 5 Π 0 +. These emissions are predicted to appear at the 0-0 transition energies of 6 085 and 14 942 cm -1 , respectively. Nevertheless, it would be quite difficult to recognize which emission peaks correspond to specific transitions because of strong spin-orbit coupling effects in this molecule.
Summary
The dissociation energy curves of low-lying spin-mixed states have been presented for Groups 3 and 5 hydrides with use of both ECP and AE approaches. The present paper reports a comprehensive set of theoretical results including dissociation energies (D e ), internuclear distances (R e ), electronic transition energies (T e ), harmonic frequencies (ω e ), anharmonicities (ω e x e ), and rotational constants (B e and R e ). On the basis of the comparison with the corresponding AE results, we can conclude that the ECP approach is qualitatively accurate (sometimes semiquantitatively accurate) and can be applied in the studies of large molecular systems.
Transition energies and moments are also estimated between the spin-mixed states in these hydrides. The results for Group 3 hydrides were compared with the emission spectra reported by Ram and Bernath, and it is found that the transition energies are in qualitatively good agreement with the experimental observations. Especially in ScH and YH, the discrepancy is only 
